Over the past two decades, the treatment outcomes in metastatic colorectal cancer (mCRC) have been remarkably improved, largely from the evolution of systemic therapy. Also, the molecular biomarkers have played a major role in this improvement by their predictive value in current treatment paradigm in mCRC. Currently, extended RAS mutation analysis is required for consideration of anti-epidermal growth factor receptor therapy in patients with mCRC. Several uncommon gene alterations have emerged as the potential targets for their matched molecular targeted therapy. Although, most patients with mCRC do not derive benefit from immunotherapy. By using microsatellite instability or mismatch repair test, we are now able to identify a small subgroup of patients with mCRC who have a very good response to immune checkpoint inhibitors. With the increasing number of required biomarkers in mCRC management, multiplex gene panel testing is now replacing single gene testing strategy. In patients accessible to matched molecular targeted therapy, especially for clinical trials, the comprehensive genomic profiling might be the preferred testing method. Although, it is potentially benefit in mCRC treatment, the liquid biopsy is not yet clinically applicable. The optimal utilization of molecular biomarker testing is required for best treatment outcomes in individual patients.
INTRODUCTION
Over the past two decades, the treatment outcomes in metastatic colorectal cancer (mCRC) have been significantly improved, largely because of the evolution of systemic therapy. Although chemotherapy is still the mainstay treatment in mCRC, its efficacy could be significantly enhanced by the biologic therapies including anti-angiogenesis and anti-epidermal growth factor receptor (anti-EGFR) agents. In a selected subgroup, the median overall survival is now up to 40 months with current treatment paradigm [1] . Recently, the molecular targeted therapy and immunotherapy have been demonstrated as the emerging effective therapeutic options for some patients with mCRC. The molecular biomarker plays a critical role as a tool for personalized therapy in current and upcoming treatment paradigm in patients with mCRC. The optimal utilization of molecular biomarker testing is required for best treatment outcomes in individual patients. This article reviews clinical application and limitation of current and emerging biomarkers in management of mCRC.
BIOMARKERS FOR ANTI-EGFR THERAPY
EGFR is a transmembrane receptor tyrosine kinase playing a major role in carcinogenesis of several cancers including CRC. Although the EGFR expression was required for patients to be eligible in the initial anti-EGFR trials in mCRC [2, 3] . The later reports demonstrated poor correlation between EGFR expression and treatment response [4, 5] . Instead, KRAS mutation is a robust negative predictor for benefit of anti-EGFR in patients with mCRC. However, not all patients with wild-type KRAS mCRC will have benefit from firstline chemotherapy and anti-EGFR combination therapy, patient selection for anti-EGFR therapy has been evolved through biomarker analysis in subsequent clinical trials.
RAS
RAS protein is a critical regulator of growth factor-induced cell proliferation and survival in both cancer and normal cells. There are three RAS family genes including KRAS, NRAS and HRAS. KRAS mutation is found in 30%-40% of CRC. NRAS mutation has been demonstrated in up to 3% of CRC while HRAS mutation was very rare in CRC [6] . In mCRC, KRAS exon 2 (codon 12 and 13) is the most frequent location for RAS mutation, with prevalence of 40%. Other RAS mutations were found at KRAS exon 3 and 4, and NRAS exon 2, 3 and 4, with prevalence of 15%-20%. Totally, the prevalence of all RAS mutations was around 55%-60% in patients with mCRC [7, 8] . The mutations promote constitutive activation of GTP-bound RAS, resulting in activation of downstream signaling pathways especially the RAF/MEK/ERK pathway and PI3K pathway.
As a key downstream regulator of EGFR pathway, the activated mutation of KRAS might be able to abrogate the anti-EGFR treatment effects. In 2008, a retrospective analysis of KRAS exon2 mutation of a phase III trial, CO.17, demonstrated that cetuximab improved overall survival (OS) and progression free survival (PFS) only in patients with wild-type KRAS tumors, not in patients with mutant KRAS tumors [9] . This finding was subsequently confirmed in several cohorts of phase II and III trials of both available anti-EGFR agents including cetuximab and panitumumab [3, 10, 11] . In PRIME study, a prospective analysis of KRAS exon 2 mutation revealed a detrimental effect of additional panitumumab to chemotherapy for untreated patients with mutant KRAS mCRC [12] . In this cohort, a subsequent report demonstrated the extended analysis of RAS mutation, including KRAS and NRAS exon 2, 3 and 4, as the better predictive factor for panitumumab in patients with mCRC [13] . There was a detrimental effect of panitumumab in patients with wild-type KRAS exon2 with mutant other RAS mCRC. Similarly, this predictive effect of extended RAS mutation was subsequently confirmed in several phase II/III cetuximab and panitumumab trials. Therefore, the extended analysis of RAS mutation is required in selection of patients with mCRC for anti-EGFR therapy.
In contrast, KRAS mutation did not predict benefit of bevacizumab in patients with mCRC. In the analysis of phase III trial cohorts, additional bevacizumab to chemotherapy provides clinical benefit in both patients with wild-type and mutant KRAS mCRC [14, 15] . Although patients with mutatnt KRAS mCRC seemed to live shorter than patients with wild-type KRAS mCRC in several anti-EGFR trials, prognostic value of KRAS mutation was confounded by the effectiveness of anti-EGFR therapy in patients with wildtype KRAS [3, [9] [10] [11] [12] .There were conflicting results among the analysis in other RCT cohorts regarding the prognostic value of RAS mutation in mCRC [14, 16] .
BRAF
As BRAF is a key regulator in MAPK pathway, anti-EGFR therapy might not be effective in tumors with activated BRAF mutation. However, given the small number of patients with mutant BRAF tumors, the analysis of individual anti-EGFR randomized controlled trials did not consistently showed predictive effect of BRAF mutation for anti-EGFR therapy in patients with mCRC [13, [17] [18] [19] [20] . Recently, there were two metanalyses regarding predictive effect of BRAF mutation for anti-EGFR treatment in patients with mCRC, although they showed no significant benefit of anti-EGFR therapy in patients with mutant BRAF mCRC. Pietrantonio et al. [21] suggested BRAF mutation as a negative predictive biomarker for anti-EGFR therapy, while Rowland et al. [22] concluded that there was insufficient evidence to exclude the benefit of anti-EGFR therapy in patients with mutant BRAF mCRC [21, 22] . Although, there has been no definitive conclusion, the patients with mutant BRAF tumor are unlikely to derive treatment benefit from anti-EGFR therapy.
Other biomarkers
As one third of patients with wild-type RAS mCRC will not have objective response to first-line chemotherapy and anti-EGFR combined therapy. The additional potential biomarkers would help optimizing anti-EGFR therapy in mCRC.
PI3K-AKT-mTOR pathway is another key downstream signaling pathway of EGFR. Alterations of PIK3CA and PTEN were explored for its predictive value for anti-EGFR therapy in mCRC. In contrast to other RAS and BRAF, PIK3CA mutation and PTEN alterations are not mutually exclusive with KRAS exon 2 mutation. The prevalence of PIK3CA mutation was 4%-11% in patients with wild-type KRAS mCRC [19, [23] [24] [25] [26] [27] . The prevalence of PTEN loss and mutation was 19%-58% and 7%-9%, respectively, in patients with wildtype KRAS mCRC [19, [24] [25] [26] [27] . For those patients with wild-type KRAS exon 2 mCRC, PIK3CA mutation and PTEN alterations were associated with poorer objective response rate and OS for anti-EGFR therapy in two metanalyses [28, 29] . However, there might be different predictive effects between different PIK3CA mutations and different techniques detecting PTEN alterations.
EGFR ligands, epiregulin (EREG) and amphiregulin (AREG) are overexpressed in CRC [30, 31] . EREG and AREG expressions in mRNA, tumor protein and plasma protein levels are associated with poor prognosis in CRC [31] [32] [33] . In vitro studies demonstrated their autocrine activation and reduction of cetuximab effect in AREG and EREG gene silencing CRC cells [34, 35] . These preclinical studies led to several retrospective analyses demonstrating the correlation of EREG and AREG with anti-EGFR benefit in mCRC [25, 36, 37] . Most studies demonstrated association between high AREG and EREG mRNA expression and better survival in patients with CRC receiving anti-EGFR. In a metanalysis, these associations were still statistically significant only in patients with wild-type KRAS mCRC [38] . In a tumor analysis of CO.17 trial, the benefit of cetuximab was found only in high expression but not low expression of EREG mRNA in patients with wild-type KRAS mCRC [39] .This predictive effect was not shown in patients with mutant KRAS mCRC. Recently, a retrospective analysis of PICCOLO trial demonstrated similar predictive effect of AREG/ EREG mRNA expression for benefits of the additional panitumumab to irinotecan in patients with wildtype KRAS mCRC [40] . However, there are limitations for utility of AREG/EREG expression as a predictive biomarker for anti-EGFR including no standard cut off for these continuous variables and modest concordance between their expression in primary and metastatic sites. Although, the plasma levels of AREG and EREG might overcome these limitations, there have been limited data of their predictive value in patients with mCRC.
BIOMARKERS FOR IMMUNOTHERAPY
Recently, immune checkpoint inhibitors including anti-programmed cell death-1 (PD-1)/PD-ligand 1 (PD-L1) and anti-cytotoxic T lymphocyte associate protein-4 (anti-CTLA-4), have emerged as a new treatment paradigm in several cancers especially non-small cell lung cancer and melanoma. Given the low tumor mutational burden, colorectal cancer was considered as a "cold" tumor for immune response. Correspondingly, the early anti-PD-1 trial revealed almost no response in mCRC. However, subsequent studies demonstrated high response rate in patients with mCRC with high microsatellite instability (MSI-H). . Although MSI-H/dMMR may negatively predict the benefit of adjuvant fluouracil in stage II CRC, the metanalysis showed no significant difference in chemotherapy response rates between MSI-H/dMMR and MSS/pMMR mCRC [45] . Currently, MSI-H/dMMR is the only predictive biomarker for immunotherapy in patients with mCRC. In early reports of anti-PD1 in human tumors, it seemed to be inactive in mCRC. However, 1 out of 33 patients with mCRC obtained complete response [46, 47] . Given the hypermutated state and lymphocytic infiltration features of MSI-H/dMMR tumors, this particular subgroup has been explored for anti-PD-1 in mCRC. In a phase II trial, the response rates were 40% and 0% in patients with dMMR and pMMR mCRC, respectively [48] . Recently, the combination of anti-PD-1 and anti-CTLA-4, nivolumab and ipilimumab, had shown more robust treatment outcomes including response rate of 55% and 1-yr PFS of 71% in previously treated patients with dMMR mCRC [49] . Anti-PD-1 is now a standard treatment option in patients with MSI-H/dMMR mCRC.
MSI

MSI-H or
PD-L1
PD-1 is expressed in activated mature T cells, while PD-L1 is constitutively expressed in tissue including tumor cells. Ligation of PD-1 and PD-L1 results in co-inhibitory signal repressing the T cell response. PD-L1 expression is currently the predictive and companion biomarker for anti-PD1 especially pembrolizumab in several cancers. In CRC, PD-L1 expression rate varied among several reports [50] [51] [52] . Although some reports showed higher PD-L1 expression in MSI-H CRC than MSS CRC [50] [51] [52] . This correlation was not consistent as reported by Droeser and colleagues in the largest study with 1,491 tumor samples [53] . These inconsistent findings in CRC might be largely caused by the variation of PD-L1 expression assessment including staining techniques, antibodies and scoring systems. Also there are some evidenced of temporal and spatial heterogeneity of PD-L1 expression in mCRC [54, 55] . With these limitations and no evidence of its predictive effect for anti-PD1 therapy, there is still no clinical application of PD-L1 expression in patient with mCRC.
Tumor mutational burden
Recently, tumor mutational burden has become the potential predictive factor for anti-PD1 therapy in several cancers. Generally, CRC is considered low tumor mutational burden (TMB) cancer, but MSI-H/ dMMR CRC is constitutively high TMB tumor. As mentioned, MSI is very robust in predictive effect for anti-PD1 in mCRC. Moreover, MSI and MMR test is simple and less expensive than TMB assessment. Therefore, the clinical application of TMB is quite limited in patients with mCRC. Although, early report of TMB assessment by comprehensive genomic profiling (CGP) demonstrated 20% high TMB in MSS CRC, there was only 1% high TMB in MSS CRC in the subsequent study [56, 57] . However, there were different cut off levels for high TMB among these studies, clinical validation of these cut points in association with benefit of anti-PD1 needed to be defined.
BIOMARKERS FOR EMERGING TARGETED THERAPY
Over the past decade, there have been several emerging molecular targeted therapies playing key role in cancer personalized therapy. In CRC, the most common genomic alterations including APC, RAS and TP53 are still undruggable. However, the current genomic profiling landscape leads to the discovery of uncommon targetable genomic alterations such as BRAF mutation, human epidermal growth factor receptor 2 (HER2) amplification and receptor tyrosine kinase (RTK) rearrangements in CRC.
BRAF
RAF protein is a key protein kinase transducing signal from RAS to MEK in MAPK pathway. BRAF mutation was found in 10% of mCRC [16, 58, 59] . BRAF V600E is the most common mutation resulting in an increased activity of BRAF [60] . In patients with mutant BRAF CRC, there are distinct clinicopathological features including proximal tumor location, T4 tumor, poor differentiation and older age [61] . However, recently, there was a report of patients with mutant BRAF 594 or 596 with different features including rectal location, non-mucinous and no peritoneal metastasis. BRAF mutation is mutually exclusive with KRAS mutation but associated with MSI [59] . BRAF mutation is a poor prognostic factor. The analysis of phase III first-line chemotherapy studies in patients with mCRC demonstrated significantly shorter PFS and OS in patients with mutant BRAF tumors compared to wild-type BRAF tumors [16, 41] . However, this prognostic effect was demonstrated only in patients with proficient MMR tumors [41] . In contrast to melanoma, BRAF targeted therapy did not have meaningful activity in patients with mutant BRAF mCRC [62] [63] [64] [65] . The preclinical study showed feedback activation of EGFR as a resistance mechanism to BRAF inhibitor in mutant BRAF mCRC [66] . Recently, a phase II trial showed significant improvement of PFS from 2.0 to 4.4 months and a response rate from 4% to 16% by additional vemurafenib to cetuximab and irinotecan in patients with mutant BRAF V600 mCRC [67] .The addition of MEK inhibitor or PI3K inhibitor to the dual therapy seemed to show better response rates and PFS [68, 69] . Therefore, BRAF mutation is now an emerging target for combined BRAF inhibitor therapy in patients with mCRC.
HER2
HER2 is an EGFR family member activating MAPK and PI3K pathways. HER2 amplification/ overexpression is a prognostic and predictive marker for breast and gastric cancers. In CRC, it accounts for 2%-3% of mCRC, but up to 5% in wild-type KRAS tumors [70] . It is very rare in patients with mutant RAS/BRAF mCRC [70] . HER2 amplification/overexpression could be conventionally detected by in situ hybridization or immunohistochemical staining in tumor samples. The HER2 testing recommendation has been a consensus in breast and gastric cancers, but not in CRC. In a matched sample analysis, Lee and colleagues showed high discordance in positive results of FISH test between primary and metastatic sites [71] . There was also the possibility of changes in HER2 status after anti-EGFR therapy in patients with mCRC as shown in an analysis of plasma samples [72] . Moreover, there has been no consensus in diagnostic criteria for HER2 overexpression in CRC. The more stringent criteria including an intensely positive > 50% of cancer cells required for positivity by immunohistochemical staining was validated in HERACLES study, an anti-HER2 targeted study [73] . In this study, there was 30% response rate to lapatinib and trastuzumab in patients with HER2 overexpressed mCRC. Another trial evaluating efficacy of combination of pertuzumab and trastuzumab demonstrated 37.5% response rate in patients with HER2 overexpressed mCRC [74] . Though, HER2 is currently a predictive marker for the emerging anti-HER2 therapy in patients with mCRC. The optimal HER2 testing still needs to be defined in patients with mCRC.
RTK rearrangement
RTK rearrangements play a critical role in carcinogenesis of several cancers. These uncommon alterations are the emerging targets for novel effective therapies as demonstrated in ALK positive non-small lung cancer. Based on a few reports, RTK rearrangements are rare with prevalence of 0.2%-2.4% in CRC. Pietrantonio et al. [75] had reported the clinicopathological analysis of 27 patients with ALK, ROS1 and NTRK gene rearrangement mCRC. As compared with 319 patients with no rearrangements, ALK, ROS1 and NTRK gene rearrangements were significantly more frequent in elderly patients with right sided, MSI-H and RAS/ RAF wild type tumor. The study also demonstrated significantly shorter survival and poorer response to anti-EGFR in these patients with ALK, ROS1 and NTRK gene rearrangement [75] . By detection of these alterations, the patients could have benefit from the corresponding targeted therapy such as entrectinib in patients with CAD-ALK gene and LMNA-ETRK1 rearrangement [76] [77] [78] . However, given its rarity, the optimal diagnostic approach for these subgroups should be defined.
CLINICAL SAMPLE FOR BIOMARKER ANALYSIS
With the advancement of genomic analysis techniques, tumor genomic profiling is currently feasible in plasma samples. Although, tumor sample is still the gold standard for tumor genomic profiling, plasma sample or "liquid biopsy" addresses some limitations of tumor biomarkers.
Tumor biomarkers
Genomic profiling on tumor sample is the mainstay strategy for biomarker analysis in mCRC. However, there might be various available tumor sample sites, including primary tumor and metastatic sites. Primary tumor sample is more likely available in most patients with mCRC. The high concordance rates of genomic profiling of 90%-100% especially for RAS and BRAF mutations between primary and metastatic CRC samples were demonstrated in many studies [79] [80] [81] . Though, these high concordance rates have not been shown for uncommon genomic alteration, either primary or metastatic tumor was acceptable for genomic profiling in mCRC. For MSI/MMR, Haraldsdottir and colleagues showed perfect concordance of MMR status between primary tumor and metastasis, but a couple of reports showed up to 20% discordance rates [82] [83] [84] . Although, the spatial heterogeneity seems to be small in mCRC, the temporal heterogeneity, especially after treatment is potentially an issue for management in mCRC [85] . Therefore, the appropriate tumor samples for biomarker testing should be defined for the emerging genetic alterations and MSI/MMR tests, in order to maximize the benefit of molecular targeted agents and immune checkpoint inhibitors in mCRC.
Liquid biopsy
Not only a non-invasive and reproducible technique, but also a "liquid biopsy" would be able to overcome the limitation of tumor analysis including spatial and temporal heterogeneity. Currently, it is based on detection of circulating tumor DNA (ctDNA) by advanced technologies such as BEAMing method, droplet digital PCR or next generation sequencing (NGS). Several studies confirmed high concordance rate, 90%-100%, in BRAF and KRAS mutations between tumor and liquid biopsy [86, 87] . Two prospective studies demonstrated that early reduction in ctDNA during chemotherapy treatment could predict good responder in patients with mCRC [88, 89] . Also, the emergence of KRAS mutation could be detected before radiographic disease progression during anti-EGFR therapy in patients with wild-type KRAS mCRC [85, 90] . So, the liquid biopsy for disease monitoring during anti-EGFR therapy is potentially useful for clinical management of mCRC. However, the comprehensive gene analysis of ctDNA in mCRC is still not ready for clinical application, given the rarity of other than RAS targetable gene mutation and test sensitivity in mCRC. 
MOLECULAR SUBTYPES OF COLORECTAL CANCER
The genomic profiling has been widely performed in several types of cancers including CRC. In 2015, the CRC Subtyping Consortium analyzed and coalesced six independent classification systems into four consensus molecular subtypes, CMS 1-4, based on 3,962 patient samples [91] . However, less than 10% of these samples were mCRC, resulting in limitation of its clinical application in mCRC. Although, patients with CMS 4 had the worst overall survival and relapse free survival, patients with CMS1 had worst survival after relapse, corresponding to the findings of BRAF mutation and MSI-H as the poor prognostic factors in mCRC. In contrast to CMS1, patients with CMS2 had better survival after relapse than other subtypes, reflecting the good prognosis of wild-type RAS/BRAF mCRC. As current strategy in governance of systemic therapy is largely dependent on driver gene alterations, the molecular subtype is still not yet applicable in management of patients with mCRC.
COMPREHENSIVE GENOMIC PROFILING
With the advancement of molecular techniques such as NGS, the CGP is now available for clinical utility in management of patients with advanced cancer. Tumor CGP can provide insight into clinical relevant genetic alterations (CRGAs) guiding matched treatment selection for an individual patient. As described earlier, the current CRGAs in mCRC are RAS mutation, BRAF mutation and MSI-H, accounting for 75% of all mCRC. All these alterations might be already known in the majority of patients with mCRC by sequential testing. Currently, CGP is used for detecting other rare CRGAs such as HER2 amplification, RTK rearrangement or other potential targets, and TMB assessment. However, this advantage of CGP is quite limited due to the rarity of these CRGAs and uncertain benefit of those matched therapeutic agents.
CLINICAL APPLICATIONS OF BIOMARKERS IN MCRC
As described above, most molecular biomarkers are currently used for treatment selection. For untreated patients with mCRC, RAS and BRAF mutations are required as the initial test for consideration of anti-EGFR therapy. Although immune checkpoint inhibitors are not currently first-line therapy, MSI/MMR should also be included in those initial tests for a comprehensive treatment plan for each particular patient. Extended RAS mutation analysis including KRAS exon 2, 3, 4 and NRAS exon 2, 3, 4 is the standard test 
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